We isolated three mungbean Hsc70 cDNAs (VrHsc70-1, 70-2 and 70-3) and characterized their developmental expression at both the transcript and protein levels. We also characterized the binding specificity between each VrHsc70 protein and its potential substrates. RNase protection assays showed that these three cytosolic VrHsc70 genes were expressed similarly in all organs at all times during the mungbean life cycle, except at the initiation of germination and during late seed embryogenesis. Western blotting analyses showed that a different group of cytosolic VrHsc70 proteins accumulated in dehydrated seeds during seed maturation and the accumulated proteins remained high during the early stages of germination. Binding specificities of these three mungbean Hsc70s were determined using the C-terminal 30 kDa of the three VrHsc70s to select bound heptapeptides using phage display screening, and were confirmed by ELISA. We found that the heptapeptides, KVWVLPI, KLWVIPQ and YAPLSRL, specifically bound to the C-terminal 30 kDa region of VrHsc70-1, 70-2 and 70-3, respectively. The hydrophobic residues in the core of the heptapeptides, as well as residues 6 and 7, might contribute to the binding specificity. Our results indicate that the function of these three VrHsc70s may not be important in seed maturation or in desiccation tolerance, but are more likely involved in normal growth and development.
Introduction
The 70 kDa heat shock proteins are a highly conserved family of heat inducible (Hsp70s) and constitutively expressed (Hsc70s) polypeptides in various organisms (Karlin and Brocchieri 1998) and in different cellular compartments within the same organism (Guy and Li 1998) . These multifunctional proteins are involved in protein trafficking (Höhfeld et al. 1995 , Mayer and Bukau 1998 , Pratt et al. 2001 , Aoki et al. 2002 , folding (Hartl 1996, Johnson and Craig 1997) and assembly of protein complexes (Morimoto 1993) . In plants, the Hsc70/ Hsp70 family consists of members located in the plastid, mitochondrion, cytosol and endoplasmic reticulum. At least 12 and 14 Hsp70 genes are found in spinach (Guy and Li 1998) and Arabidopsis (Sung et al. 2001) , respectively.
The mungbean is a common legume and an important edible crop in southeastern Asia. Annual mungbean production worldwide is estimated to be around 2.5-3.0 million tons, harvested from about 5.0 million ha (Poehlman 1991 , Malik 1996 . Around 45% of the total world mungbean production is in India. In China, mungbeans are grown on approximately 0.5 million ha per year with an average yield of 2 ton ha -1 . The mungbean genome is about 8.3×10
8 bp per copy, as determined by flow cytometry (Wu 2001) . In addition to its relatively small genome size, the mungbean is easy to grow and has a short generation time of about 60 d, which facilitates basic physiological research on the mungbean.
Differential expression of Hsc70s/Hsp70s has been reported at different developmental stages and in various tissues (Hopf et al. 1992 , Wang and Lin 1993 , Duck and Folk 1994 , DeRocher and Vierling 1995 . The regulation of the temporal expression of Hsc70s/Hsp70s, however, has not been delineated in great detail. Information on the expression profiles of plant Hsc70s/Hsp70s will help determine their roles in growth and development. A 73 kDa Hsc70 purified from the cytosolic fraction of mungbean seeds was found to possess ATPase activity (Wang and Lin 1993) . This Hsc70 species diminished while a new species of Hsc70 appeared after germination. However, neither of the mungbean Hsc70/Hsp70 genes nor their transcripts has been reported. In this paper, we describe the isolation of three cytosolic Hsc70 cDNAs from the mungbean and the analysis of the transcript and protein expression at specific stages in seedlings, roots, stems, leaves, flowers and pods.
The substrate specificity of Hsp70 homologs (bacterial DnaK, cytosolic Hsc70 and endoplasmic reticulum Bip) has been studied and it has been shown that the Hsp70 protein preferentially binds to hydrophobic and positively charged amino acids but not to acidic residues (Zhang et al. 1999) . However, multiple cytosolic Hsc70 members usually exist at the same developmental stage in a eukaryotic organism. We speculate that each of the different cytosolic Hsc70 proteins will chaperone different substrate proteins. To investigate the binding specificity between these three mungbean Hsc70s and their substrates, heptapeptides were selected by phage display screening using the C-terminal 30 kDa domain of each of the three cytosolic VrHsc70s as target proteins. According to the sequences of the selected heptapeptides, a database was searched for candidate proteins, and possible substrates that bind these three mungbean Hsc70s are discussed.
Results

Isolation of three mungbean VrHsc70 cDNAs
A cDNA library was constructed from mungbean seedlings at 4 d after imbibition (DAI). Three VrHsc70 cDNAs were isolated and designated VrHsc70-1 (accession number AY485986), VrHsc70-2′ and VrHsc70-3 (accession number AY485988). VrHsc70-2′ is a 5′-truncated clone with 1,567 nucleotides. The full-length VrHsc70-2 obtained with 5′ RACE Fig. 1 Alignment of the deduced amino acid sequences of the three VrHsc70s. The deduced amino acid sequences were aligned with the CLUS-TAL W program and displayed with the TeXshade version 3.2 of Biology WorkBench. The N-terminal 40 kDa ATPase domain (1-390 residues) contains four specific residues involved in ATP binding (black arrows). The C-terminal 30 kDa domain was divided into the peptide-binding (thin line) and variable (thick line) regions. V436 in the substrate-binding cavity of DnaK is a crucial determinant for global affinity and is conserved in all three VrHsc70s (hollow arrow). has 2,264 nucleotides (accession number AY485987). At the nucleotide level, these VrHsc70s share more than 70% identity, but their similarities at the 3′-non-coding regions decrease markedly. The nucleotide identities were calculated with the GAP program of SeqWeb™ web-based sequence analysis software, version 1.2.
VrHsc70-1, VrHsc70-2 and VrHsc70-3 are highly conserved at the ATPase (Flaherty et al. 1991 ) and peptide-binding subdomains (Rippmann et al. 1991) . Amino acid sequences vary mainly at the C-terminal substrate-binding region. Fig. 1 shows the alignment of the deduced amino acid sequences of these three VrHsc70s. Within the C-terminal 30 kDa domain, the N-terminal 18 kDa peptide-binding regions (Fig. 1 , thin line) share 96% identity, while the C-terminal 10 kDa peptides (Fig. 1 , thick line) share 73% identity. All these three proteins have a signature sequence of EEVD at the carboxyl termini, a motif common to cytosolic Hsc/Hsp70 proteins (Freeman et al. 1995) .
A phylogenetic tree was constructed with comparisons of cytosolic Hsc/Hsp70s from different organisms (Fig. 2) . Plant cytosolic Hsc70/Hsp70s are the most closely related and form a cluster. VrHsc70-1 shares the highest similarity with LeHsc70-2 (Lin et al. 1991) , a cytosolic homolog from Lycopersicon esculentum. The sequence of VrHsc70-3 is most closely related to PsHsc71.0 (DeRocher and Vierling 1995) , and then to VrHsc70-2. PsHsc71.0 is one of the cytosolic Hsp70 homologs from Pisum sativum, and PsHsc71.0 mRNA is present constitutively in leaves and in maternal and zygotic organs throughout seed development.
VrHsc70 transcripts profile at different developmental stages in the mungbean
In order to monitor the VrHsc70 transcript at various developmental stages (Fig. 3D ), RNase protection assays were performed. Each in vitro transcribed riboprobe was complementary to the 3′-non-coding region of VrHsc70 and only hybridized to the specific VrHsc70 transcript with a particular length. Nucleotide sequences of the 3′-non-coding regions were amplified with PCR using full-length cDNA as a template and cloned into a pGEM-4Z vector for utilization of the T7 bacteriophage RNA polymerase promoter at the 3′ end of the inserts. The free probe containing an EcoRI site at the end is thus several bases longer than its protected transcript (data not shown). Yeast tRNA was used as a negative control (Fig. 3A , B, C, lane 1). The level of VrHsc70-1 mRNA in mungbean seedlings gradually increased from 1 to 4 DAI (Fig. 3A , lanes 4-6) and was still high at 5 DAI (Fig. 3A, lane 7) . A high level of VrHsc70-1 mRNA was also present in fully expanded leaves and flowers of mature plants (Fig. 3A, lanes 8, 9) . The VrHsc70-2 and VrHsc70-3 transcripts had similar patterns (Fig. 3B, C) to VrHsc70-1 transcripts. VrHsc70-1 was found in pods 1-5 d after anthesis (DAA) (Fig. 3A, lanes 10, 11) . Similarly, high levels of the VrHsc70-2 and VrHsc70-3 transcripts were detected in the early developing pods (Fig. 3B , C, lanes 10, 11). However, at 10 and 15 DAA, these three VrHsc70s transcripts existed mainly in green pod walls (Fig. 3A , B, C, lanes 12, 13). The mRNA levels of these three VrHsc70s were very low in late seed maturation (Fig. 3A , B, C, lanes 14-16) and in dry seeds (Fig. 3A , B, C, lane 2), and almost undetectable in seedlings at 8 h imbibition and 1 DAI (Fig. 3A , B, C, lanes 3, 4). These results show that VrHsc70-1, VrHsc70-2 and VrHsc70-3 transcripts are similarly expressed mainly in vegetative mungbean organs.
Identification of the three VrHsc70 proteins using peptide mass fingerprinting
The VrHsc70 proteins partially purified from mungbean seedlings at 4 DAI were separated by two-dimensional polyacr- ylamide gel electrophoresis (2-D PAGE) (Fig. 4) and analyzed with matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS). Table 1 shows the sets of peptide observed molecular masses (monoisotopic mass) and theoretical masses (monoisotopic mass) obtained from the MALDI-TOF mass spectra of the in-gel trypsin digestion of spots 1-3. Spot 1 contains six unique peptide masses identical to that of the deduced VrHsc70-1 with trypsin digestion and an amino acid sequence coverage of 17.6%. Spot 2 has an amino acid sequence coverage of 37.2% including seven unique peptide masses identical to that of the deduced VrHsc70-2. Spot 3 contains four unique peptide masses identical to that of the deduced VrHsc70-3 with an amino acid sequence coverage of 25.7%. The upper extensive protein fraction (Fig. 4 ) was found to be the chloroplast Hsc70s (spots 5-9) and the mitochondrial Hsc70 (spot 4) with MALDI-TOF mass spectra. The 45 kDa fraction (circled with an oval) was the degraded cytosolic Hsc70s as confirmed by Western blot using a mouse polyclonal anti-Hsc70 antibody against the C-terminal 30 kDa peptide of VrHsc70-1. This antibody can recognize plant cytosolic Hsc70 isoforms (pH 4.9-5.2) such as spots 1-3 in Fig. 4 , but not the chloroplast/mitochondrial Hsc70s in the 2-D PAGE (data not show). We could not estimate the normal abundance of these cytosolic Hsc70s relative to the chloroplast and mitochondrial Hsc70 proteins because the cytosolic Hsc70s of 4 DAI seedlings degraded very easily during protein purification as compared with dry seeds. We found that the cytosolic Hsc70s from mungbean seedlings of 3-8 DAI were more unstable than that of dry seeds. Nevertheless, our results from peptide mass fingerprinting verified the existence of these three VrHsc70s in seedlings at 4 DAI.
Cytosolic VrHsc70 proteins at different developmental stages
Western blots were performed with the mouse polyclonal anti-Hsc70 antibody against the C-terminal 30 kDa peptide of VrHsc70-1. High amounts of VrHsc70 proteins were present in seedlings during early germination (1-2 DAI, Fig. 5A ). During 4-8 DAI, the cytosolic VrHsc70 was primarily located in the axis (radicles, hypocotyls and epicotyls, Fig. 5A ). A substantial amount of VrHsc70s was detected in the leaves and stems of mature plants (Fig. 5B ). During embryogenesis, VrHsc70 proteins were found in floral buds, flowers, pod walls in early pod development, and in seeds late in development (Fig. 5B ).
Fig. 3
Quantitative analyses of the three VrHsc70 mRNA levels at different developmental stages. Each sample of 30 µg RNA was subjected to RNase protection assay by hybridizing to riboprobes specific to VrHsc70-1 (A), VrHsc70-2 (B) and VrHsc70-3 (C), and then treated with 1 ng µl -1 RNase A and 0.05 U µl -1 RNase T1. The relative amounts of protected RNA were quantified using TotalLab image analysis and normalized by setting 2 DAI as 1. The sample in lane 1 is tRNA as a negative control. Each experiment contained three replications. The autographs shown are from one of the three replicates. Bars represent the mean (± SE). Plant materials at different stages are shown in (D). Radicles emerged from seeds after imbibing overnight and grew rapidly from 2 to 5 DAI. Lateral roots reached 0.7 cm and the plumule turned green at 5 DAI. After flower opening, pods formed on the second day and that was set as 1 DAA. Pod wall of legume quickly enlarged from 3 to 15 DAA and became brown and gradually dehydrated after 21 DAA. Seeds grew rapidly from 3 to 21 DAA and then gradually dehydrated and became dry and mature at 26 DAA. Bar = 1 cm.
Fig. 4
Identification of the three cytosolic VrHsc70 proteins. Hsc70s partially purified from mungbean seedlings of 4 DAI were resolved on 2-D PAGE. The first dimension gel was performed using IPG pH 4.5-5.5, 18 cm Immobiline DryStrip gel with 250 µg total protein and the second gel was 7.5% (w/v) SDS-PAGE. The SDS-PAGE was stained using the PlusOne silver stain kit. After in-gel trypsin digestion of spots 1-9, the resulting peptide masses were searched against a nonredundant database maintained by the NCBI using the Mascot search engine and compared with the deduced proteins of VrHsc70-1, 70-2 and 70-3 as listed in Table 1 .
At 3 and 5 DAA, the pods were separated into seed and pod wall for Western blot assays, which determined that VrHsc70 proteins existed mainly in pod walls but not in seeds (Fig. 5B , lanes 7-10). Although we did not separate the seeds from the pod walls in the measurement of VrHsc70 transcripts, the three VrHsc70 transcripts may also exist primarily in pod (Fig. 3A , B, C, lanes 10, 11). In the pod walls at 10 and 15 DAA, levels of these three VrHsc70 mRNAs remained high (Fig. 3A , B, C, lanes 12, 13), while the amount of cytosolic VrHsc70 proteins was low (Fig. 5B, lanes 12, 14) . Our Coomassie-stained gels showed that all the protein samples were equally loaded (data not shown); therefore, we suspect that cytosolic VrHsc70 proteins in the pod walls at 10 and 15 DAA might be susceptible to degradation. Another possible explanation for these contradictory results would be post-transcriptional or translational regulation of these three VrHsc70 genes. The three VrHsc70 transcripts were barely detectable either in seeds during late development (10-21 DAA) and desiccation, or in newly germinated seedlings (1 DAI). Conversely, high amounts of total cytosolic VrHsc70s were detected in the seeds of 21 DAA and in the dry seeds and seedlings of 1 DAI, showing the existence of some cytosolic VrHsc70s different from that encoded by our VrHsc70-1, -2 and -3. These results suggest the presence of two different groups of cytosolic VrHsc70 proteins at different growth and development stages. One group of cytosolic Hsc70s was found mainly in late matured seeds and newly germinated seedlings (before 1 DAI). Another group of cytosolic Hsc70s (VrHsc70-1, -2 and -3) was found in late germinated seedlings (after 2 DAI), leaves, flowers and early pod walls (before 15 DAA). No cytosolic VrHsc70 was found in seeds before 15 DAA.
Selection and assays of the VrHsc70-binding heptapeptides
The Vr130, Vr230 and Vr330 recombinant proteins were used to select VrHsc70-binding heptapeptides using phage display screening. Among 125 different clones selected with Vr130, the heptapeptide KVWVLPI had the highest frequency (40.8%). Among 123 different clones of Vr230, the heptapeptide KLWVIPQ had the highest frequency (43.9%). Among the 116 different clones of Vr330, 41.4% were peptides with a sequence of YAPLSRL and 28.4% had the peptide sequence of Each of the target proteins (Vr130, Vr230 and Vr330) was bound to the selected phage with serial dilution and the binding was confirmed by ELISA using the HRP-conjugated anti-M13 antibody. Quantification of the binding was normalized by setting the relative binding of each target to the most significant heptapeptide as 1, i.e. KVWVLPI to Vr130 (A), KLWVIPQ to Vr230 (B), YAPLSRL to Vr330 (C). The low-frequency peptides randomly selected were used as non-specific heptapeptides. Binding to each peptide was replicated at least three times and the bars represent the mean (± SE).
KLWVIPQ, the same as Vr230. The remainder of the selected heptapeptides showed very low frequency (1-2%), and even when the heptapeptide differs from the three specific heptapeptides by only one or two residues. These low-frequency peptides were randomly selected as non-specific heptapeptides for assaying the binding ability to target proteins.
The binding ability of the high-frequency peptides was confirmed by ELISA (Fig. 6 ). Normalized data (the highest binding ability of the heptapeptide to the target protein was set as 1) were used to quantify the results. The heptapeptide KVWVLPI had the highest binding ability to the target protein Vr130 (Fig. 6A, column 1) . The peptide KLWVIPQ bound strongly to Vr230 (Fig. 6B, column 2) , but exhibited <5% binding ability towards Vr130 (Fig. 6A, column 2) . Conversely, KVWVLPI exhibited 13% binding ability towards Vr230 (Fig.  6B, column 1) . The heptapeptide KLWVIPQ displayed about 60% of the binding ability to Vr330 as compared with YAPLSRL, which had the highest binding ability (Fig. 6C, columns 2, 3) . The relative binding ability of Vr330 to any other low-frequency heptapeptide was also <5% (Fig. 6C, columns 1,  4, 5) .
To accelerate our assay, each residue of all the selected heptapeptides was compared with the corresponding position in the three high-frequency heptapeptides, KVWVLPI, KLW-VIPQ and YAPLSRL. If the residue within the heptapeptide was the same as that in the high-frequency heptapeptides, then one point was given to this peptide. The peptides receiving the highest scores (6 or 5 points) and exhibiting the greatest similarity to the high-frequency heptapeptides were analyzed with ELISA to compare the binding ability. Result indicated that when residue 7 in KVWVLPI was changed to Ser, as in KVWVLPS, the binding ability of the heptapeptide to Vr130 was reduced to half of that of the original peptide (Fig. 7 , column 1 compared with column 2). Furthermore, no other KVWVLPX (X is any amino acid) peptide was selected by Vr130. We suggest that isoleucine in the peptide KVWVLPI is important in binding to Vr130. The heptapeptide KVWKLPV differs from KVWVLPI in two residues and its relative binding ability to Vr130 decreased by 90% (Fig. 7 , column 1 compared with column 3). The relative binding ability of peptide KLWVIPQ to Vr230 was about 2-fold higher than to Vr330 (Fig. 7 , column 4 compared with column 7). When residue 7 within KLWVIPQ was changed from Gln to His, the binding ability of Vr230 to KLWVIPH decreased by 66% (Fig. 7 , column 4 compared with column 5). Substitution of residue 6 from Pro to Ser decreased the ability by about half (Fig. 7 , column 4 compared with column 6). Similar decreases were observed in the binding of Vr330 with the same residue changes (Fig. 7 , columns 7-9). Among the 114 low-frequency non-specific peptides of Vr330, unfortunately, none was similar to YAPLSRL for analyzing binding specificity. This implied that the heptapeptide, YAPLSRL, bound to Vr330 more tightly than other tested peptides. Our results show that heptapeptides KVWVLPI and KLWVIPQ specifically bind to Vr130 and Vr230. However, whether heptapeptide YAPLSRL specifically binds to Vr330 needs further examination. To find substrates of VrHsc70-1, -2 and -3, the BLAST program in NCBI was used on the three heptapeptides, KVWVLPI, KLWVIPQ and YAPLSRL. All three specific heptapeptides contained a hydrophobic core at residues 2-5, similar to previous findings (Rüdiger et al. 1997 , Zhang et al. 1999 ). We also found that residues 6 and 7 are important to binding ability (Fig. 7) , but residue 7 does not have a positive charge as reported previously (Zhang et al. 1999) . Possible substrate proteins that match residues 2-7 or 3-7 of each heptapeptide are listed in Table 2 .
Docking the heptapeptides into peptide-binding subdomains of VrHsc70s
A pocket (V436) of just a single hydrophobic residue in the substrate-binding cavity of DnaK is a crucial determinant for global affinity (Fig. 8A ). This pocket is conserved in Vr130, Vr230 and Vr330 (Fig. 1, indicated by a hollow arrow) . An arch formed by M404 and A429 of DnaK covers the peptide backbone and contacts the residues adjacent to the residues that are buried in the hydrophobic pocket (Fig. 8B) , and the two corresponding residues are A412 and Y437 in both Vr130 and Vr230, and A411 and Y436 in Vr330. The hydrophobic residue at the center position of the heptapeptide, which might bind to the hydrophobic pocket, was used as an anchor for docking. KVWVLPI bound to Vr130 with the L5 that was buried in the hydrophobic pocket and then came into contact with V444 (Fig. 8C) . The arch formed by A412 and Y437 of Vr130 covered the peptide backbone and contacted the residues V4 and P6 adjacent to the residues that were buried in the hydrophobic pocket (Fig. 8C ). An additional residue, Q441, formed hydrogen bonds with the heptapeptide backbone, and Y437 made the Vr130-KVWVLPI complex slightly different from the DnaK-NRLLLTG complex. Similar patterns were found in complexes of Vr230-KLWVIPQ and Vr330-KLWVIPQ binding to the I5 that was buried in the hydrophobic pocket and which contacted V444 of Vr230 (Fig. 8D ) and V443 of Vr330 (Fig. 8E) , respectively. Two additional residues in the Vr230-KLWVIPQ complex, T411 and Q441, formed hydrogen bonds with the heptapeptide backbone (Fig. 8D) . Only A411 formed a hydrogen bond with the heptapeptide backbone in the Vr330-KLWVIPQ complex (Fig. 8E) . Similar to NRLLLTG in DnaK, YAPLSRL docked into Vr330 with L4 interacting with V443 ( Fig. 8F) . The arch formed by A411 and Y436 of Vr330 covered the peptide backbone and contacted the residues P3 and S5. Two additional residues, S434 and Q440, formed hydrogen bonds with heptapeptide backbone (Fig. 8F) . Comparing Fig.  8E with 8F, the Vr330-YAPLSRL complex is more stable than the Vr330-KLWVIPQ complex. This could be the reason that the heptapeptide YAPLSRL possessed the greatest binding ability to Vr330, while KLWVIPQ displayed only 60% relative binding ability (Fig. 6C) . Docking of the heptapeptides onto the peptide-binding subdomains of VrHsc70s implies that the crystal structures of the peptide-binding subdomains of these three VrHsc70s are slightly different from that of DnaK but are similar to each other.
Discussion
The Hsc70s are a multi-gene family with important functions in plant growth and development, as well as in plant responses to environmental stress. There might be at least five cytosolic Hsc70/Hsp70 members in the mungbean genome (830 Mb) based on the existence of at least five counterparts in the Arabidopsis genome (125 Mb) and six in the spinach genome (989 Mb). These three genes are designated VrHsc70s since 37°C caused only a 2-fold increase in the level of VrHsc70-1 transcripts and no significant increase in VrHsc70-2 or VrHsc70-3 transcripts (data not shown). The three cytosolic VrHsc70 transcripts described in this paper were found in multiple vegetative organs, with the important exception of mature seeds and seedlings at the initiation of germination. Similar expression patterns were observed for PsHsc71.0 in peas (DeRocher and Vierling 1995) and cytosolic Hsc70-1, -2 and -3 in Arabidopsis (Sung et al. 2001) . A different group of cytosolic VrHsc70 proteins accumulated in dehydrated seeds during seed maturation and remained during very early germination in the mungbean (Fig. 5) , similar to that of pea PsHsp71.2 mRNA (DeRocher and Vierling 1995) and an Arabidopsis cytosolic Hsp70 transcript (Sung et al. 2001) . Apparently, the three VrHsc70 transcripts diminished in mature seeds (Fig. 3A-C, lanes 14-16) . Meanwhile, a different group of cytosolic VrHsc70s was expressed and accumulated during late seed development (Fig. 5B) , a process that might be required for the packing of the storage proteins in seeds (Wang and Lin 1993) and/or for efficient protein biogenesis during imbibition (Sung et al. 2001) . The abundance of cytosolic Hsc70s reflects the high protein content in dry mungbean seeds. Cytosolic Hsc70s exist in pod walls but not in seeds primarily during seed development, suggesting that Hsc70s may chaperone protein through plasmodesmata (Aoki et al. 2002) . The high level of cytosolic Hsc70s in the axis (Fig. 5) shows the need for Hsc70s for rapid cell division and expansion.
The results of the present study suggest that there are two groups of cytosolic Hsc70s in different stages in the life cycle of the mungbean based on the analyses of transcripts and proteins. The roles of VrHsc70-1, 70-2 and 70-3 may be ascribed to normal growth and development for mungbean plants from germination (after 2 DAI) to early seed development, as shown in Fig. 3 , 5. Another group of cytosolic Hsc70s may be involved in late seed maturation and desiccation tolerance during late seed development (Fig. 5B, lane 15) . The latter group of Hsc70s remained in dry seeds (Fig. 5B, lane 17) and gradually disappeared after imbibition. Seed development is a very special stage in the life cycle of plants. It is reasonable to have two different groups of cytosolic Hsc70s in mature seeds and for vegetative organs to serve as chaperones.
Although Hsc70 proteins often function as chaperones, their binding specificity is not fully understood, especially different individual cytosolic Hsc70 proteins in the same organism. Unlike Hsc70s in bacteria, yeast and vertebrates, plant Hsc70s cannot bind unfolded S-carboxymethyl-α-lactalbumin effectively (Fourie et al. 1994 , Hu and Wang 1996 , Wu and Wang 1999 ) and may have their own substrate specificity (Gragerov and Gottesman 1994) . The phylogenetic tree (Fig. 2) divided the cytosolic Hsc70/Hsp70s into different clusters that fit within their kingdoms. Cytosolic Hsc70/Hsp70s from different kingdoms may have different substrate proteins. Studies of peptides selected by Bip indicated that the peptide-binding site holds aliphatic residues equivalent to the hydrophobic interior of folded proteins. The minimum sequence for effective binding to Bip is seven amino acid residues (Flynn et al. 1991) . The DnaK-binding motif was determined to be a hydrophobic core of five amino acid residues flanked by positively charged residues (Rüdiger et al. 1997) . We found that heptapeptides KVWVLPI, KLWVIPQ and YAPLSRL (residues 2-5 are hydrophobic) bound to Vr130, Vr230 and Vr330, respectively. Our selected heptapeptides do contain a hydrophobic core; however, a positively charged residue 7 seems not to be a requisite for the substrates of Vr130, Vr230 and Vr330. Although the amino acid sequences of the peptide-binding subdomains shared about 62.4% identity with DnaK and the predicted peptide-binding subdomain-heptapeptide complexes are similar to DnaK (Fig. 8) , these three VrHsc70s could bind different substrate proteins due to the contribution of the 10 kDa variable subdomain for substrate specificity (Wu and Wang 1999) . To our knowledge, this is the first report of selected heptapeptides which specifically bind to plant cytosolic Hsc70s. The specificity may explain the reason that these three cytosolic VrHsc70s exist simultaneously.
Co-immunoprecipitation of mungbean soluble proteins with the purified Vr130, 230 and 330 produced some different protein bands in addition to a common protein pattern (data not shown), suggesting that these three VrHsc70s may share common substrates and each possesses its specific target proteins. These three heptapeptides, KVWVLPI, KLWVIPQ and YAPLSRL, might be specific targets for each VrHsc70 to recognize; although we have not yet found any sequence from other plant species similar to the matched sequence of the candidate proteins listed in Table 2 . The results of our database search (Table 2) suggest that VrHsc70-1 and -3 may interact with newly synthesized mitochondrial and chloroplast precursor proteins (accession numbers NP_199391, AAF76436, NP_191123 and NP_180261) and keep the precursors in an import-competent state, and then assist in translocation similarly to other Hsc70 chaperones (Schleiff and Soll 2000 , Pfanner and Geissler 2001 , Zhang and Glaser 2002 . The exceptional finding is that KVWVLPI and KLWVIPQ partially matched (residues 3-7) three of the signal peptides of secretory proteins (accession numbers S37047, T51134 and AAR01662). In addition, YAPLSRL partially matched (residues 2-7) a chloroplast signal peptide (accession number AAM63657). Plant mitochondrial and chloroplast signal peptides were found to interact with organelle Hsc70s, but not with cytosolic Hsc70s (Zhang and Glaser 2002) . However, yeast cytosolic Hsp70 can bind to synthetic peptides derived from typical mitochondrial presequences (Endo et al. 1996) . We suggest that these three cytosolic VrHsc70s might bind to a newly synthesized endoplasmic reticulum signal peptide or chloroplast transit peptide as a driving motor. Further experiments are required to prove this hypothesis. Our present data have some limitations, including an incomplete set of genes and non-specific antibodies. The peptide YAPLSRL binding with Vr130 or Vr230 and the competition assays need further inspection. Our experiments did not test the stimulation of ATPase activity due to the lack of ATPase domain in Vr130, Vr230 and Vr330. We present a preliminary characterization of the binding specificity of the three mungbean Hsc70s for expediting the substrate binding of plant Hsc70.
Materials and Methods
Plant materials and growth conditions
Mungbean (Vigna radiata [L.] Wilczek variety VC1973A) seeds were kindly provided by Dr. Sunder at the Asian Vegetable Research and Development Center. Plants were grown in soil in a growth chamber maintained at 25°C day/night, 80% relative humidity and light irradiance of 250 µmol m -2 s -1 for a 12 h day -1 . Tissues containing embryos were collected from plants at 1-3, 5, 10, 15 and 21 DAA. Dry seeds, leaves and stems were also harvested from the mature plants. To collect tissue from seedlings, seeds were imbibed in running tap water for about 24 h and germinated at 25°C in a mesh tray. Seedlings were harvested at the desired number of DAI. Plant materials were frozen in liquid nitrogen within 2 min of harvesting and stored at -80°C for no longer than a month prior to use.
Isolation and sequencing of Hsc70 cDNAs from a cDNA library of mungbeam seedlings
Total RNA was extracted (Chang et al. 1993) from mungbean seedlings at 4 DAI and mRNA was isolated with an mRNA Purification kit (Amersham Bioscience). The cDNA was synthesized with a ZAP-cDNA Synthesis kit and cloned into a Uni-ZAP XR vector (Stratagene). Standard hybridization techniques (Sambrook and Russell 2001) were used for the isolation of cDNAs, using the full-length LeHsc70-2 (accession number X54030, Lin et al. 1991 ) as a probe. Three VrHsc70 genes were isolated and designated VrHsc70-1, . DNA sequencing was performed on both strands with the BigDye Terminator kit and analyzed on an ABI PRISM™ 377 automatic DNA sequencer (Perkin Elmer, Boston, MA, U.S.A.). Similarity searches were carried out with the BLASTX program. Rapid amplification of 5′ cDNA ends (Sambrook and Russell 2001) was used to obtain the full-length VrHsc70-2 cDNA using a primer corresponding to nucleotides 75-97 of VrHsc70-1 and a primer complementary to nucleotides 104-123 of the truncated VrHsc70-2. Amino acid sequences were deduced from the cDNA clones using the GAP program of SeqWeb™ web-based sequence analysis software, version 1.2 [Wisconsin Package Version 10.1; Genetic Computer Group (GCG), Madison, WI, U.S.A.].
RNase protection assays
RNase protection assays were performed as described in Sambrook and Russell (2001) . The antisense probe complementary to the 3′-untranslated sequence of each of the three VrHsc70s was made by in vitro transcription in a 20 µl mixture of transcription buffer (40 mM Tris-HCl, pH 7.5, 6 mM MgCl 2, 2 mM spermidine, 10 mM NaCl, 10 mM dithiothreitol, 20-40 U RNase ribonuclease inhibitor, 500 µM each of ATP, CTP, GTP, 25 µM UTP, 1 µg linearized template DNA, 6 µl of [α-
32 P]UTP (800 Ci mmol -1 , 10 mCi ml -1 ) and 15 U of bacteriophage T7 RNA polymerase (Promega). Samples were denatured at 85°C for 10 min before hybridization. For the hybridization reaction, 30 µg of total RNA was incubated with 5×10 5 cpm of probe in a hybridization buffer (40 mM PIPES, pH 6.4, 400 mM NaCl, 1 mM EDTA, 30% formamide) at 55°C for 8-12 h. After hybridization, the mixture was diluted with 350 µl of digestion buffer (10 mM Tris-HCl, pH 7.5, 300 mM NaCl, 5 mM EDTA). Single-stranded RNA was then digested with RNase T1 (0.05 U µl -1 ) and RNase A (1 ng µl -1 ) for 45 min at 30°C. After phenol/chloroform extraction and ethanol precipitation, samples containing the protected transcripts were analyzed electrophoretically on a denaturing polyacrylamide gel (8%). Band intensity was quantified using the TotalLab image analysis system (Phoretix, Newcastle, U.K.). RNase protection assays were replicated at least three times for each VrHsc70.
Purification and peptide analysis of Hsc70 isoforms in mungbean seedlings
Hsc70 proteins were purified according to the methods of Wang and Lin (1993) . The partially purified mungbean Hsc70 isoforms were separated by 2-D PAGE. Proteins (250 µg) were separated on an 18 cm Immobiline DryStrip gel (Amersham Bioscience) with a pH range of 4.5-5.5 in the first dimension and further isolated on a denaturing 7.5% polyacrylamide gel in the second dimension. Proteins spots were visualized by silver-staining (Yan et al. 2000) and spots of interest were subjected to in-gel digestion with trypsin (Shevchenko et al. 1996) . The peptide digests were extracted and analyzed by MALDI-TOF MS on an Autoflex instrument (Bruker Daltonics, Leipzig, Germany). Results were compared against databases using the Mascot search engine (http://www.matrixscience.com/) and the deduced proteins of three novel VrHsc70-1, 70-2 and 70-3.
Western blotting analysis of cytosolic Hsc70s in the mungbean
Total soluble proteins were extracted from mungbeans at indicated stages according to the method of Martínez-García et al. (1999) . The proteins in the extracts (20 µg of each) were separated on 7.5% SDS-polyacrylamide gel and transferred onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad, Hercules, CA, U.S.A.) by electroblotting. Mouse polyclonal anti-Hsc70 antibodies were produced with the C-terminal 30 kDa peptide of VrHsc70-1 and used in experiments at 1 : 10,000 dilution. The anti-Hsc70 antibodies on the PVDF membrane were reacted with peroxidase-conjugated anti-mouse IgG and detected with the SuperSignal West Pico Chemiluminescent Substrate (Pierce).
Construction of the recombinant C-terminal 30 kDa domains of VrHsc70s
DNAs encoding the C-terminal 30 kDa domain of the VrHsc70s were obtained by PCR. The primers used in the reactions are listed in Table 3 . The PCR fragments were digested with the appropriate endonucleases and purified. They were then inserted into the pET15b vector and the sequences were verified by DNA sequencing. The resulting vectors were transformed into Escherichia coli BL21 (DE3) for expression of recombinant His-tagged proteins. The recombinant proteins were designated Vr130, Vr230 and Vr330 for polypeptides containing the C-terminal 30 kDa domain of VrHsc70-1, 70-2 and 70-3, respectively. The recombinant proteins were purified on a metal-affinity column and then cleaved with thrombin to remove the His tag. Protein concentrations were determined by the dye-binding method of Bradford (1976) .
Selection of VrHsc70-binding heptapeptides with phage display
Vr130, Vr230 and Vr330 were used as targets to select the Hsc70-binding heptapeptides using the Ph.D.-7™ phage display peptide library kit (New England BioLabs Inc.). Three rounds of selection were performed according to the manufacturer's instructions, with some modifications. Briefly, target proteins at 100 µl ml -1 in 0.1 M NaHCO 3 (pH 8.6) were coated onto a polystyrene Petri dish (Falcon, 60×15 mm). The dish was treated with a solution containing 5 mg ml -1 bovine serum albumin, 0.02% sodium azide in 0.1 M NaHCO 3, pH 8.6, then washed six times with TTBS (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween-20). Ten microliters of phage (2×10 10 pfu µl -1 ) in 1 ml of TTBS were applied to the coated plate for selection and then washed ten times with TTBS. The bound phage was eluted with a 1 ml solution of the free target protein by gentle rocking for 1 h at 25°C. One microliter of the first eluate was titered and the remaining solution was inoculated into 20 ml of ER2738 culture growing at log phase. The amplified phage was titered to calculate an input volume corresponding to 2×10 11 pfu for the second and the third rounds of panning. The second and third rounds of panning were carried out with the Tween-20 concentration in TTBS raised to 0.5%. The phage clones from the third panning were amplified for DNA sequencing and immunoanalysis. The amino acid sequence of the insert was deduced from the nucleotide sequence. The binding intensity of the high-frequency peptides was confirmed by ELISA. Detection of the ELISA plate was done using a microplate reader (THERMOmax; Molecular Devices, Sunnyvale, CA, U.S.A.) set at 405 nm. Binding to each target peptide was replicated at least three times. The sequences of the selected peptides were searched against non-redundant databases for candidate proteins using the BLAST program (for short nearly exact matches) from NCBI (http://www.ncbi.nlm.nih.gov/BLAST/). The candidate proteins were also run on the computer program TargetP, version 1.01 (http:// www.cbs.dtu.dk/services/TargetP/) to predict the subcellular location and potential cleavage site of the eukaryotic protein sequences (Nielsen et al. 1997 , Emanuelsson et al. 2000 .
Modeling of peptide-binding subdomains of VrHsc70s
The structures of the peptide-binding subdomains of VrHsc70s were modeled using the peptide-binding subdomain of DnaK (Zhu et al. 1996) obtained from the Brookhaven Protein Data Bank (PDB entry 1DKZ) as template. The first 18 kDa of the 30 kDa domain of VrHsc70s, which shared about 62.4% sequence identity with DnaK, was used for modeling. The modeling was performed using the First Approach Mode of the Swiss Model (T. Schwede, C. Combet, M. C. Peitsch and N. Guex, http://www.expasy.ch/swissmod/SWISS-MODEL.html).
Docking the heptapeptides onto the peptide-binding subdomains of VrHsc70s
The computer program InsightII 2000 (Biosym Technologies, San Diego, CA) was used to dock the selected heptapeptides to the peptide-binding subdomains of VrHsc70s. The structures of the heptapeptides were first built with the Biopolymer module of the InsightII package, and all the structures of heptapeptides and peptide-binding subdomains of VrHsc70s were refined with energy minimization by using the Discover_3 module of the InsightII package. The heptapeptides were docked into the peptide-binding subdomains of VrHsc70s, and the docking orientation was based on the X-ray structure of DnaK and its substrate heptapeptide NRLLLTG (Zhu et al. 1996) . Each modeling was subjected to energy refinement until the root mean square (rms) derivative of the energy was <0.01. The interaction energy between the heptapeptides and peptide-binding subdomains of VrHsc70s, including electrostatic and other forces, was calculated to find the lowest-energy binding orientation. The high interaction energy indicated the stability of the complex (Chakraborty et al. 2000) . TTAGTCGACTTCC-3′ 1966 TTAGTCGACTTCC-3′ -1941 
